Introduction
Triacylglycerol (triglyceride; TAG) is an inert storage and transport molecule of fatty acids (1) . Whereas fatty acids are crucial substrates for fueling metabolism and forming membrane phospholipids, they can trigger metabolic signaling and their detergent-like property can disrupt cell membranes. The biosynthesis of TAG thus serves many physiological functions. Because it is highly reduced and anhydrous, TAG is the primary energy substrate stored in adipose tissues to sustain animals during fasting. TAG is also synthesized in the liver for the assembly and secretion of VLDL to transport neutral lipids to other tissues as well as in the mammary gland for the formation of milk fat globules to deliver fatty acids and other lipid-soluble nutrients to mammalian neonates.
In the intestine, TAG synthesis is prominent for its role in the absorption of dietary fat (2, 3) . TAG forms the bulk of animal fats and plant oils. It accounts for approximately 95% of dietary fat, depending on the food sources, with the rest as phospholipids and trace amounts of sterols, lipid-soluble vitamins, and other lipophilic components. Because of its hydrophobicity, TAG does not traverse the cellular membrane. Its absorption involves hydrolysis to fatty acids and monoacylglycerol (MAG) in the intestinal lumen, lipid uptake by the enterocytes, re-synthesis of TAG, and assembly and secretion of apolipoprotein B (ApoB)-containing chylomicrons for delivery of TAG and other lipidsoluble nutrients. Like with most nutrients, the absorption of TAG occurs mostly in the proximal half of the intestine and less so in the distal intestine, where specific compounds, such as bile acids and vitamin B12, are absorbed. The activity of TAG synthesis coincides with the absorption of dietary fat along the length of the intestine, and it is more active in the differentiated absorptive enterocytes populating the upper villi than in the progenitor cells in the crypts (4) .
The assimilation of dietary TAG is remarkably efficient, partly because the absorption is near complete even when intake is high (5, 6) . The metabolic costs of processing fat, including the conversion to body fat, are also low compared to carbohydrate and protein; thus, dietary fat has a lower thermic effect, the increase in energy expenditure after consumption, than the other two energy-yielding nutrients (7, 8) . In addition, the hydrolysis products of dietary TAG trigger enteroendocrine and neural signals to coordinate systemic metabolism. Therefore, TAG synthesis is integral to the pivotal roles the intestine plays as the portal for dietary nutrients, a producer of TAG-rich lipoproteins, and an endocrine and neural organ that signals current nutritional status to regulate metabolism. Consequently, intestinal TAG synthesis can contribute to excessive accumulation of TAG in tissues, a hallmark of obesity and related pathologies, including insulin resistance, diabetes, and hepatic steatosis.
Over the last two decades, genes encoding many of the enzymes involved in the synthesis of TAG have been identified, including monoacylglycerol acyltransferase (MGAT) and diacylglycerol acyltransferase (DGAT) (1, 9, 10) . Studies manipulating these genes in animal models have generated many insights into their physiological functions. The goal of this review is to provide an overview of TAG synthesis in the intestine, focusing on recent findings supporting the idea that limiting the rate of TAG synthesis in the proximal intestine alters the kinetics of fat absorption and modulates systemic energy balance.
Processing of substrates for intestinal TAG synthesis
Intestinal TAG synthesis occurs mainly after meals, as the primary source of substrates for intestinal TAG synthesis are digested fats taken up from the apical membranes of enterocytes (2) . After ingestion, partial digestion, and emulsification with bile, TAG is primarily hydrolyzed by pancreatic lipase in the proximal intestine. Pancreatic lipase, like other related lipases, including lipoprotein lipase, hepatic lipase, and endothelial lipase, exhibits preference for ester bonds at the sn-1 and sn-3 positions, which leads to production of fatty acids and sn-2 MAG. After digestion in the intestinal lumen, TAG resynthesis occurs in the enterocytes. The rate of TAG synthesis fluctuates based on the availability of fatty acid substrates. In contrast, the biosynthesis of phospholipids is constitutive and tightly coordinated with the production of cellular membranes. In the intestine, phospholipid synthesis increases upon feeding to form the monolayer covering the surface of intracellular lipid droplets and secretory lipoproteins. In addition to dietary fatty acids taken up from the apical membranes, fatty acids can be de novo synthesized in enterocytes and plasma fatty acids can be taken up through basolateral membranes. Fatty acids from the latter two sources are used more for phospholipid membrane synthesis, oxidation as fuel, or TAG synthesis as part of relatively lipid-poor, VLDL-sized particles secreted during fasting (11) (12) (13) (14) (15) (16) (17) .
The uptake of fatty acids generated from digestion in the lumen is mediated through passive diffusion and protein-facilitated processes (18-20). The acidic microenvironment of the unstirred water layer coating the brush border membrane of enterocytes is conducive for taking up a large amount of fatty acids through "flip-flop" across the plasma membrane, which may be independent or be part of protein-facilitated fatty acid uptake (21). While the role of proteins in facilitating fatty acid uptake is well documented, whether they function as classic transmembrane transporters is controversial. For example, fatty acid transport protein (FATP) 4 is a member of the SCL27A gene family thought to transport long-chain fatty acids. It shares sequence homology with the acyl CoA synthetase family and is expressed intracellularly. FATP4 likely facilitates fatty acid uptake by trapping fatty acids as fatty acyl CoAs (22). In mice, FATP4 is crucial for lipid homeostasis in the skin but its role in intestinal lipid absorption is dispensable (23). Likewise, a fatty acid binding protein associated with plasma membrane (FABPpm) on the microvilli of intestine has been reported (24). The protein appears to be identical to the mitochondrial aspartate aminotransferase (25, 26), and its role in intestinal fatty acid uptake is not yet proven.
CD36 (or fatty acid translocase), a transmembrane protein with a broad ligand specificity, is another protein facilitating fatty acid uptake and is highly expressed on the brush border membrane of villi in the proximal intestine (20, 27). Its role in facilitating fatty acid uptake and directing fatty acids for chylomicron production is well established in animal and human studies (28). However, the mechanisms for its functions seem multifactorial. Recent studies suggest that CD36 is involved in sensing long-chain fatty acids and may regulate fat absorption at various stages, including the release of two gut hormones, secretin and cholecystokinin (29). Overexpression of CD36 facilitates fatty acid uptake by increasing triacylglycerol synthesis, but not fatty acid transport across the plasma membrane in a cultured cell study (30). Thus, whether CD36 functions as a major fatty acid transporter in the intestine is questionable. CD36-mediated fatty acid uptake in adipocytes requires its localization to the lipid rafts on the plasma membrane (31). More recently, the lipid raft protein caveolin-1 has been shown to mediate intestinal fatty acid uptake using mice deficient in the protein (32). This series of observations supports the interesting hypothesis that lipid rafts on the brush border membranes and endocytotic vesicles mediate intestinal fatty acid uptake and transport them to the endoplasmic reticulum (ER), where TAG is synthesized.
The intestinal brush border membrane can take up MAG from digested fat through passive diffusion (33). A protein transporter for MAG has also been proposed, as MAG uptake can be saturated (34). The transporter, if it exists, is shared by MAG and fatty acids, because MAG (but not glycerol, DAG, or TAG) can competitively suppress fatty acid uptake (34, 35). The identity of such a transporter is not known. Interestingly, in genetically engineered mice expressing different levels of MGAT2 in the intestine, the levels of MGAT activity determine the rate of MAG, but not fatty acid, uptake from the lumen into enterocytes in a cell-autonomous manner (36, 37). These findings suggest that MGAT-mediated esterification may facilitate MAG uptake by trapping MAG for DAG/TAG synthesis, consistent with the idea that intracellular metabolism promotes substrate uptake. They also suggest that the uptake of MAG can be uncoupled from that of fatty acids.
After crossing the brush border membrane, the hydrophobic fatty acids and MAG are carried across the aqueous cytosol to the ER. Intracellular fatty acid binding proteins (FABPs) may serve as the carriers (38). Two FABPs are highly expressed in the proximal intestine: Liver-type FABP (LFABP or FABP1), which is also expressed in the liver and kidney, and Intestine-type FABP (IFABP or FABP2), which is more tissue-specific (39).
In addition to their disparate expression patterns, they also have different structures and ligand binding properties (40). LFABP also binds other hydrophobic ligands, including MAG and acyl CoA (41, 42), and can mediate the budding of pre-chylomicron transport vesicles from the ER (43). Studies using mice deficient in either FABP support the proposition that IFABP channels fatty acids for TAG synthesis, while LFABP channels MAG for TAG synthesis and may be involved in fatty acid oxidation (41). These mice do not show overt fat malabsorption, indicating that either these FABPs play minor roles in fat absorption or their functions in the process can be compensated for when they are absent. Upon high-fat feeding, mice lacking IFABP showed increased energy expenditure and less weight gain, while mice lacking LFABP showed a propensity to gain weight in a recent study (44). Other studies, however, found male mice lacking IFABP had greater liver mass and gained more weight under high fat feeding than wildtype control mice did (45, 46), and mice lacking LFABP were protected against obesity and hepatic steatosis induced by diet without malabsorption of dietary fat (47). Strain and sex of mice, fatty acid profiles of the experimental diets and other environmental factors could contribute to the discrepancies, but the differences in findings remain to be resolved. Nonetheless, these findings are consistent with the idea that FABPs have different physiological roles that are indispensable.
Enzymes involved in major TAG synthesis pathways are dependent on long-chain acylCoA for acyl groups (22), not fatty acids. 13 acyl-CoA synthetases (ACSLs) have been identified that activate long-chain fatty acids (16 or more carbons) by thioesterification of the carboxyl group with coenzyme A. Among them, ACSL5 is most highly expressed in the intestinal mucosa. A recent study of mice deficient in ACSL5 found a reduction in total ACSL activity by 60% in the intestine. Surprisingly, no differences were found in fat absorption after a challenge of olive oil gavage or in weight gain induced by high-fat feeding (48). The functions of ACSL5 likely can be compensated for by other ACSLs also expressed in the intestine.
Enzymatic pathways mediating intestinal TAG synthesis
The enzymatic activities catalyzing the biosynthesis of TAG have been elucidated since the 1950s (Figure 1 ) (49-52). Two major pathways for TAG synthesis in mammals use either glycerol-3-phosphate (G3P) or monoacylglycerol (MAG) as the initial acyl acceptor. Both pathways use fatty acyl CoA thioesters as donors of acyl groups (53, 54), and they converge on the final acylation step (9) . In most tissues, the biosynthesis of TAG is mainly mediated by the G3P pathway, in which DAG is produced from G3P after two acylation steps and the removal of phosphate. This series of reactions is catalyzed sequentially by three enzymes: glycerol-3-phosphate acyltransferase (GPAT), 1-acylglycerol-3-phosphate acyltransferase (AGPAT; also known as lysophosphatidic acid acyltransferase or LPAAT), and phosphatidic acid phosphatase (PAP or Lipin). The G3P pathway also generates precursors for major glycerophospholipids (50), forming all cellular membranes. In the intestine with prolonged digestion, pancreatic lipase and several other lipases can convert MAG to fatty acid and glycerol. In the absence of MAG, these fatty acids are re-synthesized through the G3P pathway.
The MAG pathway, using MAG for the biosynthesis of DAG and then TAG, is most prominent in the intestine and features the activity of acyl CoA:monoacylglycerol acyltransferase (MGAT) (55-58). As MAG is mostly a hydrolysis product of TAG, MGAT activity is thought to be important only when recycling of degraded TAG is active, as is the case for intestinal fat absorption. During postprandial states when fatty acids and MAG are taken up by the enterocytes, the MAG pathway accounts for more than 75% of TAG synthesis in the intestine (59). The MAG pathway likely enables the enterocytes to process the massive influx of substrates after a fatty meal, contributing to the efficiency of fat absorption. MGAT may also facilitate the absorption of the fatty acyl group on the sn-2 position of MAG. For example, MGAT may be particularly important for the ability of human infants to absorb the long-chain saturated palmitate, which is mostly located at the sn-2 position of triacylglycerol in breast milk (60).
Shared by the G3P and MAG pathways, the final and committed step for TAG synthesis is catalyzed by acyl CoA:diacylglycerol acyltransferase (DGAT), converting DAG generated from either pathway to TAG. Though the two TAG synthesis pathways have been considered separate, these pathways may connect at the level of 2-monoacylglycerol through acylation/deacylation cycles, especially in hepatocytes and enterocytes, where TAG is synthesized for assembly and secretion of ApoB-containing lipoproteins (51, 61).
In addition to DGAT, an acyl CoA-independent DAG transacylase activity, in which two molecules of DAG are converted to TAG and MAG, has been reported in rat intestine (62). This represents a third TAG synthesis pathway. The gene coding for an intestinal DAG transacylase has not been identified.
Genes encoding intestinal TAG synthesis enzymes
Many genes encoding enzymes involved in TAG synthesis pathways have been cloned and identified through their sequence similarity to known acyltransferases (1, 9). The identification of these genes greatly advanced the field. It is now evident that two or more enzymes that may or may not share sequence homology can catalyze each step of the TAG synthesis pathway. For example, three homologous genes have been identified as MGATs (63-65), while two unrelated genes code for the two known DGATs (66, 67) . In the G3P pathway, four GPATs, three AGPATs, and three PAPs have been identified. These enzymes may have different catalytic properties, subcellular localization, and regulation. They are often expressed in many tissues, while the expression levels vary widely. On the other hand, many tissues, especially those active in TAG synthesis, often express more than one isoform of these enzymes. Many of these enzymes may be able to compensate for the absence of others to some extent. However, studies manipulating the expression of these genes in rodents have revealed that, in many cases, they are not completely redundant and may play indispensable roles in specific physiological processes.
MGAT2 mediates the intestinal MAG pathway
MGAT is best known for catalyzing intestinal TAG synthesis during the absorption of dietary fat, though the activity has also been characterized in the liver of neonatal rodents and in the adipose tissues of migrating birds (68, 69) . The three known MGATs encoding genes, named MOGAT1, MOGAT2, and MOGAT3, were identified through their sequence homology with DGAT2 (note: the gene name MGAT has been used for an enzyme unrelated to TAG metabolism) (67) . All three MGAT enzymes (MGAT1, -2, and -3) have been localized to the ER (63-65) using tagged and overexpressed enzymes. In cell free assays, they exhibit MGAT activity with broad substrate specificities toward long-chain fatty acyl CoA and MAGs. However, they show varying degrees of DGAT activity; MGAT2 appears to be the most specific MGAT among the three, while MGAT3 exhibits more DGAT activity when MAG substrate concentration is low (64, 65, 70).
They also differ in tissue expression patterns. In mice, MGAT1 expression is high in the stomach and kidney and is detectable in the liver, uterus, and adipose tissues but not in the intestine (63). A similar tissue expression pattern was found in humans but the levels seem very low. MGAT2, in contrast, is highly expressed in both mouse and human intestine. In mice, MGAT2 is almost intestine-specific with low levels expressed in the kidney and adipose tissues. In humans, it is also highly expressed in the stomach, liver, and kidney and has been found in mammary glands and adipose tissues (64, 71).
Corresponding to the location of fat absorption, MGAT2 expression is higher in the proximal than the distal intestine and higher in villi than in crypts (72) . The expression is induced by high-fat feeding, further supporting its role in fat absorption. MGAT3 is expressed in human intestine -most highly in the ileum (70) In addition to MGAT3, which is not expressed in mice, there are several candidates for additional intestinal MGATs. For example, both DGAT1 (as discussed below) as well as the lysophosphatidylglycerol acyltransferase LPGAT1 exhibit MGAT activity in cell free assays and are highly expressed in the intestine in both humans and mice (74-76).
However, at least in mice, they are insufficient to compensate for the physiological functions of MGAT2 as discussed in later sections.
DGAT1, a major intestinal DGAT
Two unrelated DGAT enzymes are known. Despite catalyzing the same reaction, DGAT1
and DGAT2 do not share significant sequence homology (9) . The mammalian DGAT1 The enzyme appears to form oligomers in the ER exhibiting activity facing both the lumen and the cytosol (81, 82) . In contrast, DGAT2 has 388 amino acids and two membrane-spanning domains (83) , with most of the protein facing the cytosol.
Both DGATs exhibit DGAT activity, as expressed enzymes carry out the reaction in cell free assays and in cultured cells (9) . However, DGAT1 also shows activity toward other acyl acceptors, including retinol, and may be involved in retinol absorption in the intestine and detoxification when vitamin A levels are high (75, 84). On the other hand, DGAT2 appears to be a potent and specific DGAT enzyme. The two DGATs have wide tissue expression patterns. Both are highly expressed in the adipose tissues, and they appear to account for all DGAT activity in adipocytes (85, 86) . In addition, DGAT1 is highly expressed in the small intestine and mammary gland, while DGAT2 is most highly expressed in the liver.
While exhibiting broader substrate specificity for other acyl acceptors, DGAT1 is an important DGAT in the intestine. Like MGAT2, its expression is high in the villi of proximal intestine and is induced by high-fat feeding. In mice lacking DGAT1, intestinal DGAT activity is reduced by 90% (87), even though DGAT2 is expressed in the intestine of mice. Mice lacking DGAT2 die hours after birth due to skin defects and a severe deficiency in energy substrates (88); thus, the functional significance of DGAT2 in mouse intestine remains to be determined. In humans, only DGAT1 is detected in the intestine (67, 89) . A congenital diarrheal disorder in two siblings, which was lethal in one case, has been linked to a null mutation of DGAT1, likely due to a severe deficiency of intestinal DGAT activity (89) .
Enzymes catalyzing the G3P pathway in the intestine
The G3P pathway has been reported in the intestine but only accounts for 20-30% of TAG synthesis during fat absorption (59, 90). Most of its early characterization was performed in liver (1) . As the pathway also generates phospholipid precursors, its activity is important for the fast turnover of intestinal epithelia. Many enzymes involved in the first three unique steps of the G3P pathway are found in the intestine. Whether any of them plays an indispensable role in intestinal TAG synthesis is yet to be explored.
GPAT initiates the pathway by catalyzing the acylation of G3P to form 1-acyl-glycerol-3-phosphate (lysophosphatidic acid). Of the four isoforms identified, GPAT1 and -2 are localized to mitochondrial membrane, whereas GPAT3 and -4 (originally named AGPAT8 and -6, respectively, due to sequence homology with AGPATs) are localized to ER membrane. Both of the ER-associated GPATs are expressed in mouse and human intestine, with GPAT3 showing a higher mRNA copy number than GPAT4 in mice (91) .
AGPAT catalyzes the second acylation to produce phosphatidic acid and has numerous candidate genes (92) . APGATs 1-3 have been conclusively shown to have activity, and all are found in the intestine. PAP catalyzes the removal of phosphate to produce DAG (93) . Three cytosolic mammalian PAPs (also named Lipins) have been identified that can translocate to the ER to hydrolyze PA produced by AGPAT and are not related to the plasma membrane-associated PA phosphatases. Among them, Lipin 3 is most highly expressed in the intestine. Its role in intestinal TAG metabolism is yet to be explored.
Destinations of TAG synthesized in the intestine
All of the TAG synthesis enzymes have been localized to the ER, where synthesis occurs (94) . The end product is thought to release into the phospholipid bilayer ( Figure 2 ) (95).
In most cells, the growing lens of TAG between ER membrane bilayers partition into the cytosol. TAG forms the core of cytosolic lipid droplets, coated with a monolayer of phospholipids and associated proteins, such as perilipins that may regulate TAG metabolism (96, 97) . In enterocytes, TAG partitions into the lumen of the ER, where it is assembled into the neutral lipid core of chylomicrons, coated with polar lipids and apolipoproteins. The assembly of chylomicrons is likely through a similar two-step process described for VLDL assembly in hepatocytes (98) . In the initial step, the microsomal TAG transfer protein (MTP) incorporates lipids into ApoB, which prevents the degradation of ApoB during its translation and forms the nascent pre-chylomicrons (20, 98). MTP also transfers TAG to form ApoB-free lipid droplets in the ER lumen (99).
In the second step, pre-chylomicrons are transported from the ER to the Golgi apparatus Recently, MGAT2 has been shown to heterodimerize with DGAT1, but not DGAT2, when co-expressed in cells (115) . This is consistent with the idea that enzymes involved in TAG synthesis form complexes, such as the TAG synthase complex isolated from rat intestine (116) . Through physical interactions, lipid substrates can be metabolized through the pathway complex efficiently. We speculate that MGAT2 expressed in the intestine partners with DGAT1 and perhaps other proteins, such as MTP, to channel the influx of absorbed fatty acids and MAG through the secretory pathway. In contrast, in addition to the ER, DGAT2, along with enzymes of the G3P pathway, has been located on cytosolic lipid droplets and shown to expand the TAG core (117, 118) . While TAG produced from G3P can enter the secretory pathway on the ER, in the absence of the MGAT pathway, more substrates would be available for esterification by the G3P pathway on expanding cytosolic lipid droplets. Supporting the model, in mice deficient in MGAT2 or DGAT1 challenged with dietary fat, cytosolic lipid droplets accumulate in enterocytes while TAG secretion from the intestine is delayed (87, 119) .
Intestinal TAG synthesis, fat absorption, and systemic energy balance. Table 1 .
MGAT2
Mice deficient in MGAT2 (Mogat2 -/-) reproduce and grow without apparent abnormalities (119) . Consistent with the purported role of MGAT2 in fat absorption, these mice gain less weight than their wildtype littermates when fed a high-fat diet.
Mogat2
-/-mice are also protected from glucose intolerance, hypercholesterolemia, and hepatic steatosis induced by high-fat feeding. The change in the kinetics of fat absorption seen in Mogat2 -/-mice is associated with an increase in energy expenditure, which accounts for the decreases in metabolic efficiency and explains the resistance to obesity induced by high-fat feeding. Because of the established role of MGAT2 in fat absorption, high levels of dietary fat would have been expected to incite the effects of MGAT2 deficiency. Interestingly, even though the increase in energy expenditure is exacerbated when dietary fat content is high, the phenotype is not dependent on high-fat feeding (122) . When fed low-fat diets, Mogat2
-/-mice also exhibit increased energy expenditure. These mice increase their food intake to maintain energy balance. They lose weight when food intake is limited to the levels of wildtype littermates, indicating that the increase in food intake is an adaptive response to an obligatory increase in energy expenditure (122) . Inactivation of MGAT2 decreases the propensity to gain weight when mice are fed a diet rich in refined carbohydrate and protects the hyperphagic Agouti yellow mouse from excess weight gain (122 
Other enzymes
The physiological roles of other TAG synthesis enzymes in the intestine have not been demonstrated. DGAT2 is also expressed in mouse intestine. However, deletion of DGAT2 is lethal and Dgat2 -/-mice die shortly after birth (88) , likely due to severe shortage of energy substrates and defects in skin barrier function. Many mouse models in which an enzyme catalyzing the G3P pathway is deleted also show energy metabolism phenotypes. For example, mice lacking GPAT3 showed a moderate reduction in weight gain when fed a high-fat diet, which has been attributed to changes in TAG synthesis in the adipose (131) . Likewise, mice lacking GPAT4 have reduced body weights. They show subdermal lipodystrophy and possibly heat loss, which in turn increases energy expenditure (132) . However, the potential impacts of these enzyme deficiencies on fat absorption have not been reported.
On the other hand, several mouse models suggest that the mobilization of TAG synthesized in the enterocytes and stored in the cytosolic lipid droplets plays a physiological role in fat absorption and possibly systemic energy balance.
Intestine-specific inactivation of ATGL, which catalyzes the first step of TAG hydrolysis, increases cytosolic lipid droplets in enterocytes and increases fecal fat, even though the rate of fat absorption after an oral oil challenge remains normal (106) . Intestine-specific deletion of its activator CGI-58 in mice reduces the rate of fat absorption and increases fecal fat (107) . In contrast, intestine-specific overexpression of MAG lipase, the enzyme converting MAG to glycerol and fatty acid, leads to a decreased 2-arachidonoylglycerol level, hyperphagia, reduced metabolic rate, and obesity (133) . Further, Cideb mobilizes cytosolic TAG to lipidate Apo B. Mice deficient in Cideb show reduced chylomicron secretion and increased TAG accumulation in the enterocytes, which is associated with resistance to high-fat diet-induced obesity (108, 134, 135) . These findings further support the idea that TAG metabolism in the intestine regulates systemic energy balance.
Specific inhibitors of the MAG pathway
The interpretation of results from genetically engineered mice can be complicated by compensatory effects, such as developmental programming. Studies using specific inhibitors of these enzymes in animals and in humans complement findings from studies using these mouse models. Numerous specific inhibitors of DGAT1 have been developed as potential treatments for type 2 diabetes and obesity (136) , based on the favorable metabolic phenotypes (enhanced insulin sensitivity and resistance to weight gain) observed in Dgat1 -/-mice. Several have been tested in animals and recapitulated the favorable outcomes predicted by the genetically engineered mice, including delayed gastric emptying and fat absorption, blunted postprandial plasma TAG, increased GLP-1 levels, enhanced fatty acid oxidation, reduced liver TAG, improved insulin sensitivity, and weight loss (137) (138) (139) (140) (141) (142) (143) .
In clinical trials, several DGAT1 inhibitors have shown efficacy in achieving favorable outcomes, such as reducing postprandial plasma TAG, increasing GLP-1 levels, normalizing insulin sensitivity, and inducing weight loss. However, they are often associated with intolerable gastrointestinal problems, including nausea, diarrhea, and vomiting. These side effects may result from the target -unlike in mice, DGAT1 appears to be the only intestinal DGAT in humans. Inhibiting the only DGAT enzyme in human intestine may block TAG synthesis fully and lead to severe fat malabsorption, as observed in patients with a null mutation in the DGAT1 gene (89, 144) . Thus, the utility of DGAT1 inhibitors as a treatment for diabetes or obesity remains uncertain. Inhibiting MGAT2 will likely not cause as severe a deficiency in TAG synthesis, as the alternative G3P pathway is active in human intestine. However, unlike mice, humans also have MGAT3 expressed in the distal intestine. MGAT3 could compensate for MGAT2 and possibly dampen the therapeutic efficacy of MGAT2 inhibitors. Interestingly, MGAT3, as well as MGAT2, is highly expressed in human subjects with non-alcoholic fatty liver disease and its expression was reduced significantly after weight loss (145) . Thus, inhibiting both MGAT2 and MGAT3 may present a therapeutic opportunity for modulating hepatic lipid metabolism.
Perspectives
TAG is a condensed source of dietary calories that can be readily assimilated. TAG synthesis in the intestine, featuring the MAG pathway, plays an integral role for this efficiency. The process of TAG hydrolysis in the intestinal lumen has been a drug target for treating human obesity -an inhibitor to the intestinal lipases is currently one of the few medicines available but with limited efficacy and some unwanted side effects (146) .
Findings from the inactivation of enzymes involved in the MAG pathway, MGAT2 and DGAT1, support the idea that intestinal TAG synthesis plays a crucial role in the regulation of fat metabolism and systemic energy balance. The inactivation of intestinal TAG synthesis leads to temporal and spatial changes in fat absorption, reduced postprandial triglyceridemia, changes in postprandial gut hormone levels, and resistance to diet-induced obesity without fat malabsorption in rodents. The physiological mechanism for obesity resistance in many of these models involves increased energy expenditure, but the underlying molecular mechanisms involved appear novel. What the mechanisms are and whether they also function in a similar fashion in humans are yet to be explored. In addition, intestine is also a major source of TAG-rich lipoprotein, contributing to postprandial hypertriglyceridemia. The intestine over produces lipoproteins under insulin resistant states in both animal models and humans (147, 148) .
The therapeutic potential of inhibiting specific enzymes involved in intestinal TAG synthesis for treating metabolic disorders associated with excess lipid accumulation warrants further investigation. Triacylglycerol products of the DGAT reaction may be channeled into the cores of cytosolic lipid droplets or triacylglycerol-rich chylomicrons for secretion. MGAT2 and DGAT1 with epitope tags have been shown as homotetramers (81, 115) , and these two enzymes may form heterodimers when co-expressed in cultured cells (115) . Several enzymes in the G3P pathway have also been located on the cytosolic lipid droplets. Plin, perilipin. Adapted from (9). 
